Purpose -The paper aims to propose a new mathematical model for allocation and scheduling of vessels at multiple marine container terminals of the same port, considering the access channel depth variations by time of day.
Nomenclature Sets V ϭ ͕1, 2, . . . , n͖ ϭ set of vessels Q ϭ ͕0, 1, 2, . . . p͖ ϭ set of terminals T ϭ ͕1, 2, . . . , u͖ ϭ set of time periods 
Decision variables
y
Introduction
Maritime transport is a backbone of the international trade and a key engine driving globalization. Around 80 per cent of global trade by volume and over 70 per cent by value is carried by oceangoing vessels and is handled by ports worldwide (UNCTAD, 2015) . Marine container terminals play a crucial role in the movement of freight and are a very important component of maritime transport. In the meantime, marine container terminals are the "weakest link" of the supply chain (along with other intermodal terminals and their surrounding network) due to potential delays, cargo loss and damage. As the container terminal business is capital intensive, terminal managers strive to improve utilization of the existing resources with operational changes rather than capital investment (Dulebenets, 2015) . Such resources include berths, container storage yard and cargo handling equipment (e.g. quay cranes, yard cranes, internal transport vehicles, etc.). Among these resources, the optimal utilization of the berth space lies in the kernel position, as it affects quay crane scheduling, yard storage planning, internal transport vehicle routing and the vessel turnaround time. The latter is considered as one of the most important performance measures of a marine container terminal (Golias et al., 2009a; Du et al., 2011; Dulebenets, 2015) .
The berth scheduling problem (BSP) aims to determine the assignment of vessels to berths, start service time for each vessel and the order of vessels at each berth. The published to date BSP papers can be classified based on three attributes: spatial attribute; vessel arrival attribute; and vessel handling time attribute. Based on the spatial attribute, BSP problems can be categorized into three groups: discrete; continuous; and hybrid. In case of a discrete berthing layout, the wharf is divided in certain number of berths, and only one vessel can be served at each berth at the time (Imai et al., , 2003 (Imai et al., , 2007 Monaco and Sammarra, 2007; Hansen et al., 2008) . As for continuous berthing layout, the wharf is limited only by its length and not partitioned in berths, and several vessels can be served as long as their overall length does not exceed the wharf's length (Kim and Moon, 2003; Guan and Cheung, 2004; Imai et al., 2005; Moorthy and Teo, 2006; Meisel and Bierwirth, 2009) . In case of a hybrid berthing layout, the wharf is divided in a certain number of berths, but larger vessels can occupy more than one berth, whereas several smaller vessels can be served at one berth Meisel, 2010, 2015) . Based on the vessel arrival attribute, BSPs can be categorized in three groups: static vessel arrivals; dynamic vessel arrivals; and controlled vessel arrivals. In case of static vessel arrivals, all vessels have already arrived at the port, and the schedule should be constructed based on specific objective(s). As for dynamic vessel arrivals, approximate arrival times of vessels are known for a certain time horizon. In case of controlled vessel arrivals, the vessel arrival time is a variable and defined by the terminal operator within certain time windows usually based on contractual agreements (Golias et al., 2009b) .
Based on the vessel handling time attribute, BSPs can be differentiated in two categories: fixed vessel handling time; and variable vessel handling time. In case of a fixed vessel handling time, the marine container terminal operator offers a constant vessel handling time over a given planning horizon, which depends on the quantity of quay crane used, quay crane productivity, storage yard capacity, etc. Hansen et al., 2008) . As for BSPs with variable vessel handling time, the handling time is usually assigned as a function of the quay cranes that will operate on the vessel and the distance from the vessel berthing position to a location in the storage yard, where the containers will be placed (Park and Kim, 2003) . The majority of the BSP studies published to date considered discrete berthing layout, dynamic vessels arrivals and variable vessel handling times Meisel, 2010, 2015) . Technical restrictions such as berthing draft, channel depth, inter-vessel and end-berth clearance distance are further assumptions that have been adopted only in a few studies dealing with the BSP, bringing the problem formulation closer to the real-world operations.
The contribution of this study to the state of the art is a novel mathematical model for allocation and scheduling of vessels at multiple terminals of the same port, taking into consideration the channel depth variations by time of day. To the best of the authors' knowledge, this is the first continuous berth scheduling linear model that addresses the tidal effects on berth scheduling (both in terms of vessel arrival and departure at/from the berth) at multiple marine container terminals. The rest of the paper is organized as follows. The next section presents an overview of the relevant BSP literature. Section 3 provides the problem description, whereas Section 4 presents a mixed integer mathematical model. Section 5 discusses the problem's complexity and the solution approach adopted. Section 6 presents a number of numerical experiments conducted to evaluate performance of the suggested methodology, whereas the last section provides conclusions and future research avenues. MABR 2,2 2. Overview of the relevant literature Berth allocation and scheduling received an increasing attention from the research community over the past two decades. For reviews of the general literature on marine container terminal operations, we refer to Steenken et al. (2004) , Stahlbock and Voß (2008) , whereas for review of the seaside operations, we refer to Meisel (2010, 2015) and Carlo et al. (2015) . The literature review presented herein focuses on the BSP papers, considering the water depth requirements for berthing of vessels and the channel depth variation. Overview of the collected studies is presented next. Nishimura et al. (2001) presented a mathematical model for the BSP, aiming to minimize the total vessel service time. It was assumed that the draft of a vessel, assigned to a given berth, should not exceed summation of the water depth at that berth and the safety vertical distance. A genetic algorithm was developed to solve the problem. Numerical experiments were performed using the operational data from the Port of Kobe. It was found that the proposed methodology was able to improve efficiency of the port operations. Cheong and Tan (2008) studied a multi-objective BSP, aiming to minimize the total vessel service time and minimize the total delayed vessel departures. The mathematical formulation captured the safety vertical distance for berthing and the vessel draft. A multi-objective multi-colony ant algorithm was developed to solve the problem. Results indicated that the vessel order pheromone matrix and the earliest deadline first visibility heuristic were the most efficient for solving the BSP. Cheong et al. (2010) formulated a multi-objective BSP, taking into consideration the draft of vessels and the depth of each berth. The first objective aimed to minimize the makespan, whereas the second one minimized the total vessel waiting time. A multi-objective evolutionary algorithm was developed to solve the problem. Computational experiments were conducted using the data from the BSP literature. It was found that local search, solution decoding schemes and optimal berth insertion significantly affected performance of the developed algorithm. Han et al. (2010) studied a simultaneous BSP and quay crane scheduling problem, considering uncertainty in vessel arrival and handling times and vessel draft restrictions during berthing. A genetic algorithm was developed to solve the problem. Numerical examples demonstrated that the proposed methodology could assist marine container terminal operations with design of robust berth schedules. Barros et al. (2011) developed a simulated annealing heuristic algorithm for the BSP in tidal bulk ports with stock level constraints. It was assumed that during low-depth tidal periods vessels were not able to navigate. Priority of service was given to vessels with the most critical mineral stock level. The objective minimized the total cost. Computational experiments were performed using the operational data, collected from Brazilian bulk ports and demonstrated efficiency of the suggested methodology. Guldogan et al. (2012) studied the BSP with stochastic arrival and handling times, considering water depth at each berth and vessel drafts. The objective aimed to minimize the total weighted vessel waiting time. Two heuristic algorithms were designed to solve the problem: genetic algorithm and bee colony algorithm. Numerical experiments demonstrated efficiency of both algorithms. Xu et al. (2012) formulated a BSP, considering limitations in vessel to berth assignment by the water depth and tidal conditions. The study assumed the existence of two periods: low-water period and high-water period. The objective minimized the total vessel service time. A set of heuristic algorithms were proposed to solve the problem. Computational experiments indicated that benefits from the proposed methodology would be higher during the periods with a significant tidal effect. Elwany et al. (2013) proposed a simulated annealing heuristic for an integrated BSP and quay crane allocation problem. The objective aimed to minimize the total cost. The mathematical model considered the vessel draft as an additional spatial constraint in berth allocation. Numerical experiments indicated that the objective function values, provided by the developed solution algorithm, were close to the lower bound. Sheikholeslami et al. (2014) presented a mathematical formulation for the BSP at a marine container terminal with tidal constraints in the channel access. Vessels with deep drafts were not able to navigate during low-depth tidal periods. A genetic algorithm with a pattern search heuristic was developed to solve the problem. Umang et al. (2013) proposed two exact methods and a heuristic algorithm for a hybrid BSP in bulk ports, considering the draft of vessels as an additional spatial constraint. The objective minimized the total vessel service time. Computational experiments demonstrated efficiency of the proposed methodology. Robenek et al. (2014) applied a branch-and-price algorithm to solve the integrated BSP and yard assignment problem in bulk ports. The mathematical model accounted for the depth of each berth and the draft of vessels. The objective aimed to minimize the total vessel service time. Numerical experiments indicated that the developed algorithm could solve instances with up to 40 vessels in a reasonable computational time. Lalla-Ruiz et al. (2016) extended the mathematical model, proposed by Xu et al. (2012) , and presented a discrete dynamic set-partitioning-based model for the BSP under time-dependent limitations, considering the water depth and tidal constraints. Unlike the model, developed by Xu et al. (2012) , which could be applied for a two-period planning horizon (i.e. low tide period and high tide period), the proposed model accounted for a multi-period planning horizon. CPLEX was used to solve the problem. Numerical experiments demonstrated that the suggested model outperformed the model, formulated by Xu et al. (2012) , in terms of both solution quality and computational time. A reasonable computational time was recorded even for large size problem instances. Qin et al. (2016) presented integer programming (IP) and constraint programming (CP) models for the BSP with a time-varying water depth at a tidal river port. The objective of the proposed mathematical model aimed to minimize the total weighted vessel service time. Both IP and CP models were solved using CPLEX. Computational experiments indicated that CP was found to be superior for the following cases:
• the feasible domain was small;
• the restriction on the objective toward decision variable was loose; and • size of the IP model was too large.
The literature review suggests that consideration of additional spatial constraints in berth scheduling receives an increasing attention from the community. However, the majority of studies focused on water depth requirements for berthing of vessels. Only a few papers modeled a variation in depth of the access channel. This study extends the BSP models that consider tidal effects (Barros et al., 2011; Xu et al., 2012; Sheikholeslami et al., 2014; Lalla-Ruiz et al., 2016; Qin et al., 2016) and presents a novel mathematical formulation for the BSP at multiple terminals with variation in depth of the access channel by time of day.
Problem description
In this paper, we consider a port, which has a set of marine container terminals. Note that all terminals at the port are operated by the same entity (e.g. port authority, private firm). Such port ownership model is used at some ports in Europe and Asia (e.g. Port of Piraeus -Greece, owned by the port authority, and terminals are operated by COSCO Pacific Limited; Port of Bandar Abbas -Iran, owned by the port authority, and terminals are operated by a private company). Each terminal of the port has a continuous berthing layout, and the number of vessels that can be served is limited by the total length of a given wharf. Furthermore, each MABR 2,2 marine container terminal has a different depth (constant along its wharf). In this paper, we also assume that:
• vessel arrival and handling times are known with certainty;
• there are no vessels at the berths in the beginning of the planning horizon; and • there are specific safety distances between vessels, served at the same terminal.
Similar to Imai et al. (2003) and Golias et al. (2009a) , we assume that vessels belong to one of three preferential groups (low, medium, high) based on contractual agreements with the port operator. Each group is characterized by different penalties for delayed departures. Each vessel has a requested departure time, and the goal of the port operator is to schedule vessels at the available terminals so that the total weighted delayed departure time is minimized. The planning horizon is divided into time periods to account for variations in the access channel depth (i.e. each time period corresponds to a different channel depth). Next, we present a mixed integer mathematical formulation for a continuous BSP at multiple terminals with channel depth variations by time of day that will be referred to as CBSP.
Model formulation
This section of the paper presents a mixed integer formulation for the CBSP mathematical model. The mathematical formulation proposed herein extends the model developed by Kim and Moon (2003) . Kim and Moon (2003) presented a continuous dynamic mathematical formulation for the BSP at a marine container terminal. The objective aimed to minimize the total vessel service cost, associated with deviation from the desired berthing position and delayed vessel departures. The problem was solved using the simulated annealing algorithm. However, the mathematical model, proposed by Kim and Moon (2003) , can be applied only to a single marine container terminal with a continuous layout. Furthermore, it does not account for the water depth requirements along the terminal wharf and the channel depth variations by time of day. The latter important operational aspects are captured in the mathematical model formulated in this paper. Moreover, a heuristic algorithm, developed by Kim and Moon (2003) , does not guarantee optimality of berth schedules, whereas this paper applies an exact optimization algorithm (CPLEX) to solve the proposed mathematical model within a reasonable computational time (details are discussed in Section 5 of the paper). Note that multiple terminals in this study were modeled by combining the available berthing space of each terminal into a single wharf (Figure 1 ). The mathematical model can then be formulated as follows: CBSP: 
In CBSP, the objective function (1) minimizes the total weighted delayed vessel departures. Constraints sets (2) and (3) ensure that the depth of the access channel is adequate for a vessel to navigate (either enter or exit the port). Constraints sets (4) and (5) ensure that vessels cannot enter or depart more than once. Constraints sets (6) and (7) calculate the berthing and departure times of each vessel. Constraints set (8) ensures that each vessel is served at one terminal. Constraints sets (9) and (10) ensure that the full length of the vessel is accommodated at the assigned terminal. Constraints set (11) guarantees that the draft of each MABR 2,2 vessel is less than the depth of the wharf at the assigned terminal. Constraints set (12) estimates the departure time of vessels. Unlike many BSP formulations found in the literature, where the departure time of a vessel is a summation of its arrival, waiting, and handling times, in our model, vessels with deep drafts cannot depart immediately (after handling operations are completed), as they may have to wait for a sufficient depth of the access channel. Constraints sets (3), (5), (7) and (12) guarantee that the latter condition is met. Constraints set (13) ensures that a vessel cannot be berthed before its arrival. Constraints sets (14) through (16) ensure that there is no an overlap between vessels in the time-space dimension. Constraints sets (17) and (18) define the range of decision variables and parameters. The next section discusses complexity of the proposed mathematical formulation and the solution approach selected to solve the problem.
Problem's complexity and solution approach
BSP can be reduced to the machine scheduling problem, which is known to be NP-hard (Pinedo, 2008; Meisel, 2010, 2015; Dulebenets, 2015) . Many of the BSP studies, conducted in the past, use either heuristic or metaheuristic algorithms to obtain good quality solutions within a reasonable computational time Cheong and Tan, 2008; Hansen et al., 2008; Golias et al., 2009a, b; Cheong et al., 2010; Meisel and Bierwirth, 2009; Meisel, 2010, 2015; Dulebenets, 2015) . The mathematical model proposed in this paper (CBSP) introduces additional constraints sets to ensure that the depth of the access channel is sufficient for the vessels to either enter or exit the port. Additional constraints sets allow reducing feasible solution space of the problem. Preliminary computational experiments, conducted for large size problem instances, indicated that CBSP could be solved using CPLEX of general algebraic modeling system to the global optimality within acceptable computational time (details will be discussed in the numerical experiments section).
Numerical experiments
This section presents a number of numerical experiments that were conducted to evaluate efficiency of the developed mathematical model.
Input data
The input data for numerical experiments were generated using the operational data, Note that due to the access channel depth variations, the departure time provided does not always coincide with the finish time of a vessel service (i.e. a vessel may stay at the berth until the channel depth is sufficient to exit safely). The data were also available for the vessel mooring location (terminal and location along the quay) and vessel load (TEUs handled). Channel depths by time of day were obtained for the same time period (2005 through 2012) . A total of 27 problem instances were extracted from the available operational data set for numerical experiments in this study; 27 problem instances represent berth schedules of one week and were divided into three groups of low (L), medium (M) and high (H) demand. Table I presents the demand levels for each one of the 27 problem instances. For example, the first problem instance with low demand (denoted as L1) has 13 vessels requesting service with 26,351 TEUs to be (un)loaded (from all the vessels) and the vessel average interarrival time of 10.5 h. The medium and high demand cases for the first instance (denoted as M1 and H1, respectively) have 21 and 30 vessels requesting service, a demand of 47,607 and 46,950 TEUs, and the vessel average interarrival times of 7.25 and 5.5 h, respectively. The duration of a time period used for the numerical experiments was set equal to 15 min (i.e. a total of 672 time periods) to adequately capture both the access channel depth variations and vessel service times. Based on the available data, no significant channel depth variations were observed during shorter than 15-min time periods. However, setting a time period duration lower than 15 min would increase the total number of time periods required to model the same planning horizon, which in turn will increase the number of variables in the CBSP mathematical model and may negatively affect the computational time. For a discussion on the selection of time units/time periods in the discrete time representation scheduling and its effect on complexity and optimality gap of the solution, we refer to Saharidis et al. (2012) .
Methodology evaluation
The first set of numerical experiments focused on the evaluation of the proposed berth scheduling policy based on a comparative analysis with the current operations at the Port of Bandar Abbas, where vessels are served based on a first come first served policy. All weights for the three customer groups were set equal to one, as the current operations at the port do not differentiate between vessels or liner shipping companies. Vessel schedules were obtained for all 27 problem instances by solving CBSP using CPLEX, and the average reduction in delayed departure times per vessel (i.e. the difference in delayed departures from the existing vessel schedules and CBSP vessel schedules) is presented in Figure 2 . For example, for the first three problem instances (L1, M1, H1), the average reduction of delayed departures per vessel (as compared to the current berth scheduling policy) are equal to 4, 2 and 20 h, respectively. These results show that CBSP reduces the average delayed departures for all problem instances (low, medium and high demand) with the average reduction per vessel equal to 7, 9 and 11 h (for the low, medium and high demand cases, respectively). Furthermore, the computational time of the adopted solution approach (CPLEX) did not exceed 17 min even for large size problem instances, which can be considered as acceptable. In addition, a regression analysis was performed to determine if there are any trends in reduction of the average vessel delayed departures from the proposed berth scheduling policy. The total volume (in TEUs) and vessel interarrival time (in hours) were selected to be predictors (i.e. independent variables), whereas the average reduction in delayed departures per vessel (in hours) was assigned as a response variable (i.e. dependent variable). Results from the conducted regression analysis are presented in Figure 3 . We observe that the average reduction in delayed departures per vessel increases with the total volume and vessel arrival frequency (i.e. decreasing vessel interarrival time). The latter finding indicates that CBSP can significantly improve vessel scheduling and reduce delayed vessel departures especially during high demand periods. Relatively low coefficients of determination (R 2 ) of the regression models can be explained by the following reasons:
• The average reduction in delayed departures per vessel is not solely dependent either on the total volume or the vessel interarrival time (i.e. there are some other predictors that have to be considered in the regression models such as vessel size, storage yard utilization, average quay crane productivity, etc.).
• The relationship between the response variable and predictors may be non-linear.
The future research may focus on development of a more accurate regression model that will precisely estimate the average reduction in delayed departures per vessel from using the CBSP mathematical model at the Port of Bandar Abbas. 
Weight sensitivity analysis
The second set of numerical experiments aimed to evaluate the effect of introducing weights for each group of vessels on the objective function value and vessel scheduling. The complexity and accuracy of a weighted aggregate function depends on the proper selection of weights, used to depict the decision maker's preferences. In practice, it can be very difficult to accurately select these weights, even for someone familiar with the problem domain (Coello Coello, 2000) . In the problem studied herein, using individual weights for each vessel would result in a vessel schedule highly sensitive to the weight selection. Furthermore, the latter would require a significant effort by the port operator to identify the weight values that would result in a berth schedule that meets specific objectives. To address this issue and reduce the search space, we assume that each vessel belongs to one of the three preferential groups with high, medium and low service priority, respectively. This assumption is in line with terminal operator practices at terminals (mainly multi-user terminals) with medium to high demand, where vessel scheduling is based on customer differentiation and contractual agreements (Golias et al., 2009a) . Vessels were randomly (not based on their length or volume) assigned to one of the three groups for each one of the 27 problem instances. Then, weight combinations were generated to represent the full feasible space of the decision maker's weight selection (i.e. weight of the high priority group of vessels should be greater than the weight of medium priority group of vessels, and weight of the medium priority group of vessels should be greater than the weight of the low priority group of vessels). A total of four sets of weights were developed and are shown in Table II . With these sets of weights berth schedules were obtained using CBSP (solved with CPLEX), and results of the total delayed departures for each vessel group are shown in Table II. Table II also includes (for comparison purposes) the total delay breakdown by vessel group for the case, when all weights are equal to one.
Adopting a customer differentiation approach (i.e. using weights in the objective function to differentiate between vessel groups) provides significant differences in the solution space and objective function values of the different priority groups mainly for medium-/ high-demand instances. Low-demand instances do not show a substantial variation in response to different weight selections. These results should be expected as customer/price differentiation policies should provide different results when demand to capacity ratios increase. Note that the proposed formulation can be solved efficiently within a relatively small computation time (less than 17 min), so the port operator will be able to easily produce the berth schedules for all the five sets of weights and select the one that best satisfies contractual agreements (usually based on departure time and handling rates). 
Access channel depth sensitivity analysis
The third set of numerical experiments evaluated the effect of increasing the access channel depth (i.e. dredging) on the vessel delayed departures. The current depth of the access channel at the Port of Bandar Abbas is 11.5 m. The sensitivity analysis was performed by solving the CBSP mathematical model for each one of the 27 problem instances by increasing the depth of access channel from 11.5 to 13.5 m with an increment of 0.5 m. Variations in the access channel depth by time of day due to tidal effect were assumed not to be affected with dredging (i.e. additional dredging did not influence variations in depth of the access channel). All weights for the three customer groups were set equal to one. The average reduction in delayed departures per vessel due to dredging is presented in Table III . For example, changing the access channel depth from 11.5 to 12.0 m for instance L1 will result in the average reduction of delayed departures per vessel by 8 h. We observe that the average delayed departures per vessel were reduced by 58.9, 83.1 and 110.3 h per meter of dredging for instances with low, medium and high demand, respectively. Hence, dredging can be an efficient alternative in reduction of vessel delayed departures at ports with a shallow access channel and significant tidal effect, especially during high demand periods. Furthermore, the proposed mathematical model may serve as an effective planning tool for marine container terminal operators and assist with assessing the effect of dredging on service of vessels.
Conclusions and future research
This paper proposed a novel mathematical model for the BSP at multiple marine container terminals of the same port, considering the depth variation of the access channel. The berth scheduling policy was formulated as a mixed integer mathematical program. Vessels were categorized into three preferential groups to account for various contractual agreements between liner shipping companies and the port operator. The objective function aimed to minimize the total weighted vessel delayed departures. Three sets of numerical experiments were performed to evaluate the efficiency of the proposed berth scheduling policy (by comparing to the existing berthing policy used at the Port of Bandar Abbas in Iran), assess the effect of introducing vessel weights and evaluate how dredging may affect marine container terminal operations. Results from numerical experiments indicate that both tidal effects and vessel priorities may cause significant changes in berth schedules, especially under medium/high demand. Furthermore, in case of a shallow access channel and/or significant tidal effect, the port Table II. operator may consider dredging of the access channel to allow vessels better navigation and reduce delayed vessel departures. The future research may focus on the following:
• introduce a variable arrival time component to the existing mathematical formulation and reduce vessel waiting and handling times; • use a multi-objective formulation to account for different customer/price differentiation policies; • extend the proposed model formulation to capture vessel handling and arrival time uncertainty; and • consider additional dredging costs in the objective function. 
